A three-dimensional ocean circulation model is used to study circulation and month-to-month variability in the western Caribbean Sea. The domain covers the area between 72Њ and 90ЊW and between 8Њ and 24ЊN, with a horizontal resolution of roughly 18 km. 
Introduction
The Caribbean Sea (hereinafter CS) is the largest marginal sea of the Atlantic Ocean, separated from the main Atlantic basins by an island-studded enclosure. The CS is connected to the North Atlantic Ocean via the Lesser Antilles and Windward Passages to the east and the Gulf of Mexico via the Yucatan Strait to the north. It consists of a succession of five basins: the Grenada, Venezuelan, Columbian, Cayman, and Yucatan Basins. The CS has a surface extension of about 2.52 ϫ 10 6 km 2 and volume of about 6.48 ϫ 10 6 km 3 (Gallegos 1996) . Its surface area is roughly twice as large as that of the Gulf of Mexico. Its volume is roughly twice as large as that of the Mediterranean Sea. The highly variable bottom topography and remarkably irregular coastline of the CS significantly affect the physical processes at work in the region.
The CS waters are highly stratified in the upper 1200 m, weakly stratified between 1200 and 2000 m, and nearly homogeneous below 2000 m (Wust 1964) . Water temperature in the top mixed layer has moderate sea-sonal variations. The CS surface waters are also affected by freshwater runoff from three major rivers known as the Magdalena, Orinoco, and Amazon Rivers, the annual mean discharges of which are about 7.5 ϫ 10 3 , 3.9 ϫ 10 4 , and 1.7 ϫ 10 5 m 3 s Ϫ1 , respectively (Muller-Karger 1993; Mooers and Maul 1998) . The Magdalena River discharges directly into the CS and interacts with the circulation in the southwestern CS. The Orinoco River plume flows first northward along the South American coast and then influences the islands of the southern Lesser Antilles. During the high runoff period, a significant amount of the Orinoco estuarine waters enter the southern CS through the southernmost passages of the Antilles and continue on the west-northwestward drift. The Amazon River plume influences the CS mainly during boreal winter and spring. In summer and fall, much of the Amazon River plume flows offshore toward Africa, playing a lesser role in driving the circulation in the CS.
The CS is under the influence of the southwestern quadrant of the North Atlantic trade winds, which are geostrophically balanced and well established in summer (Mooers and Maul 1998) . As a result, the average winds over the Caribbean region are persistent both in direction and magnitude (3.5-10.5 m s Ϫ1 ; Gallegos
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). On average, easterly or northeasterly winds prevail over the region in winter and easterly or southeasterly winds prevail in summer. Frequent interruptions to the trade winds are the tropical storms and hurricanes in summer and autumn and weekly eastward cold-front passages over the northern CS in winter.
General circulation and water mass distributions in the CS have been studied for more than a hundred years (Wust 1964; Gordon 1967; Worthington 1976; Roemmich 1981; Gallegos 1996; Murphy et al. 1999; Johns et al. 2002) . A reader is referred to Kinder et al. (1985) , Maul (1993) , and Mooers and Maul (1998) for comprehensive overviews of the regional oceanography in the region. The upper-ocean circulation in the CS is dominated by a warm and persistent throughflow known as the Caribbean Current. The Caribbean Current flows westward about 200-300 km off the northern coast of South America and then northward along the eastern coast of Central America. It becomes known as the Yucatan Current as it flows through the Yucatan Channel and then becomes known as the Loop Current as it penetrates northward in the eastern Gulf of Mexico (Mooers and Maul 1998) . The other important circulation features include the highly variable Panama-Columbia Gyre in the southwestern CS, where it interacts with the estuarine plume of the Magdalena River.
The main objective of this paper is to examine the ocean circulation and temperature-salinity distributions and their seasonal and month-to-month variability in the western Caribbean Sea (WCS) using a three-dimensional primitive equation ocean circulation model. Our study is motivated by an increasing demand for protecting marine ecosystems in the CS. The shallow-water tropical ecosystems that consist of coral reefs, mangroves, estuaries, and seagrass beds are major natural resources in the region. These unique marine ecosystems have been significantly affected by natural and anthropogenic activities such as eutrophication of coastal waters, excessive terrestrial runoff, and sedimentation from deforestation. The ocean circulation model presented in this paper will be used to develop a high-resolution coupled physical-biological modeling system for the Meso-American Barrier Reef System (MBRS) from the Bay Islands of Honduras to the southern half of the Yucatan Peninsula. This coupled modeling system will then be used to study the ecological connections among reefs in the MBRS.
Various numerical methods and models have been applied to the CS in the past. Gordon (1967) and Roemmich (1981) estimated the large-scale circulation from observed hydrographic data in the CS using the geostrophic method and inverse method respectively. Kinder et al. (1985) used a reduced-gravity ocean model to study the formation and propagation of mesoscale eddies in the upper ocean of the southeastern Caribbean Sea. Hurlburt and Townsend (1994) applied the Naval Research Laboratory layered ocean model (NLOM) to the CS and the Gulf of Mexico. Mooers and Maul (1998) applied the terrain-following Princeton Ocean Model to the Intra-Americas Sea (IAS) and forced the model with the monthly mean wind stress developed by Hellerman and Rosenstein (1983) and volume transports across the model open boundaries. Their model results reproduce many major features of the general circulation and mesoscale variability in the IAS. Murphy et al. (1999) recently applied the NLOM to the IAS and examined the connectivity of the CS eddies with the Atlantic Ocean and the Gulf of Mexico. They forced the NLOM using the daily European Centre for Medium-Range Weather Forecasts (ECMWF) winds and boundary flows, with the model density relaxed to annual mean climatological density. Their model results demonstrate the dominant role of the mesoscale eddies in the geostrophically balanced surface layer variability of the CS circulation and connectivity between the North Brazil Current and eddy generation in the eastern Caribbean. Most recently, Johns et al. (2002) applied the NLOM to the Atlantic Ocean from 20ЊS to 65ЊN and forced the model with Hellerman and Rosentein's monthly mean wind and volume transports through the southern and northern model open boundaries. In this study, a three-dimensional primitive equation z-level ocean model is applied to the WCS with a horizontal resolution of about 18 km. In addition, the semiprognostic method suggested by Sheng et al. (2001) is used to reduce the model drift. The limited-area WCS ocean circulation model, together with the semiprognostic method, is used to examine the response of the western Caribbean Sea to the local wind stress, sea surface heat and salinity fluxes, and remotely generated flows that enter the study region through the Windward Islands Passages.
The arrangement of this paper is as follows. The next section introduces the ocean model and semiprognostic method. Section 3 discusses the monthly mean climatology used to drive the model. Section 4 presents the model results and section 5 presents the model sensitivity studies. The final section is a summary and conclusions.
The ocean circulation model and semiprognostic method
The ocean circulation model used in this study is the three-dimensional primitive equation z-level ocean model known as CANDIE (Canadian version of DieCAST; Sheng et al. 1998) . It is an outgrowth of the DieCAST model developed by Dietrich et al. (1987) . CANDIE has been subjected to rigorous testing (D. Wright 2002, personal communication) and successfully applied to various modeling problems on the shelf, including wind-driven circulation over an idealized coastal canyon (Sheng et al. 1998 ), a density-driven coastal current (Sheng 2001) , tidal circulation in the Gulf of St. Lawrence (Lu et al. 2001) , and wind-driven circulation over a stratified coastal embayment (Davidson et al. 2001) . Most recently CANDIE has been applied to the northwestern Atlantic Ocean from northern Labrador to Maine by Sheng et al. (2001) . The reader is referred to the appendix for governing equations and subgridscale mixing parameterizations used in CANDIE.
The model covers the WCS between 72Њ and 90ЊW and between 8Њ and 24ЊN ( Fig. 1) using the ETOPO5 bathymetry, a gridded elevation/bathymetry for the world complied by the U.S. National Geophysical Data Center, National Oceanic and Atmospheric Administration. The model resolution is one-sixth of a degree in longitude (about 18 km), with the grid spacing in latitude chosen so that, when measured in kilometers, the grid spacing in the northward and eastward directions remains equal at all latitudes. There are 31 unevenly spaced z levels with the centers of each level located at 5, 16, 29, 44, 61, 80, 102, 128, 157, 191, 229, 273, 324, 383, 450, 527, 615, 717, 833, 967, 1121, 1297, 1500, 1733, 2000, 2307, 2659, 3063, 3528, 4061, and 4673 m, respectively. The WCS model in the control run is initialized with the January mean climatological temperature and salinity fields and forced by monthly mean surface wind stress and heat flux, and flows through the model open boundaries. The net heat flux through the sea surface (Q net ) is expressed as (da Silva et al. 1994) clim clim model
where is the monthly mean Comprehensive Oceanclim Q net Atmosphere Data Set (COADS) net heat flux interpolated onto the model grid and taken from da Silva et al. (1994) and ␤ is the coupling coefficient defined as ⌬z 1 o c p / Q , where ⌬z 1 is the thickness of the top z level, c p is the specific heat, and Q is the restoring timescale, which is set to 15 days. The implied value of ␤ is about 35 W m Ϫ2 K Ϫ1 , which is comparable to values calculated from observations (e.g., Haney 1971) . The salinity in the top 10 m is restored to monthly mean climatology with a timescale of 15 days.
At the model lateral closed boundaries, the normal flow, tangential stress of the currents and horizontal fluxes of temperature and salinity are set to zero (freeslip conditions). Along the model open boundaries, the normal flow, temperature, and salinity fields are calculated using the method similar to the adaptive open boundary conditions suggested by Marchesiello et al. (2001) . It first uses an explicit Orlanski radiation condition (Orlanski 1976) to determine whether the open boundary is passive (outward propagation) or active (inward propagation) . If the open boundary is passive, the model prognostic variables are radiated outward to allow any perturbation generated inside the model domain to propagate outward as freely as possible. If the open boundary is active, the model prognostic variables at the open boundary are restored to the monthly mean climatologies at each z level with the timescale of 15 days. Furthermore, the depth-mean normal flow across the model open boundaries are set to be the monthly mean results produced by a (1/3)Њ Atlantic model to be discussed in section 3.
To reduce model drift, the semiprognostic method suggested by Sheng et al. (2001) is used in this study. It is a method to adiabatically adjust the momentum equations of an ocean circulation model to correct for the model errors associated with the physical processes that are not correctly represented by the model equations. The adjustment is accomplished by replacing the density term in the hydrostatic equation by a linear combination of model-computed ( m ) and climatological ( c ) density: ␣ m ϩ (1 Ϫ ␣) c , where ␣ is a linear combination coefficient [Eq. (A4) in the appendix]. The procedure corresponds to adding a forcing term to the momentum equation through the computation of the horizontal pressure gradient terms. The method is hence adiabatic, leaving the temperature and salinity equations unconstrained and fully prognostic. The reader is referred to Sheng et al. (2001) for the choice of ␣. In this paper, we follow them and set ␣ to 0.5.
Monthly mean hydrography and model forcing
The monthly mean climatologies of temperature and salinity were gridded from the hydrographic data compiled at the National Oceanographic Data Center (NODC) using the Barnes algorithm. Barnes's algorithm is one of the more effective successive-correction methods used for example in mesoscale analysis of radar and satellite data. As the number of iterations increases the interpolated values approach the observations (Daley 1991) .
The subsurface waters at 383 m in February and August ( Fig. 2 ) are characterized as relatively cold and fresh over the southwestern CS off Panama and Colombia, warm and salty over the shelf seas off Cuba, and large temperature and salinity gradients along the pathway of the Caribbean Current that flows from the northern Colombian to the western Cayman and Yucatan Basins. Furthermore, the upper-ocean salinity in August has larger horizontal variations than in February, due mainly to larger freshwater discharges from the Magdalena River in summer and autumn than in the other two seasons.
The water column in the region, on average, can be described as a four-layer system ( Fig. 3) : a warm and relatively fresh surface mixed layer of less than 100-m depth, a relatively warm and salty subsurface layer centered at roughly 200 m, a relatively cold and fresh intermediate layer centered at roughly 700 m, and a nearly homogeneous deep layer below 2000 m (Gallegos 1996; Mooers and Maul 1998) . To quantify horizontal variations of gridded monthly mean hydrography in the WCS, we calculate the domain-averaged temperature and salinity and associated root-mean-square (rms) deviations with respect to the domain means at each z level. A large rms value represents large spatial variability. Horizontal variations of the monthly mean temperature in the top 100 m are small in February and August (Fig. 3) . By contrast, the monthly mean salinity has relatively large horizontal variations in the surface mixed layer, associated primarily with river discharges. The monthly mean temperature and salinity in the subsurface and intermediate layers between 100 and 1000 m have relatively large horizontal variations. In the deep layer of greater than 1500 m, the monthly mean temperature and salinity are nearly homogeneous horizontally.
Two types of forcings are used to drive the model in this study. The first type is the climatological monthly mean wind stress, and sea surface heat and freshwater fluxes. The second type is the monthly mean volume transport through Windward Islands Passages.
The climatological monthly mean COADS surface wind stress and net heat flux with a 0.5Њ resolution (da Silva et al. 1994 ) are used in this study. The monthly mean wind forcing in the region is characterized by the persistent southwestward wind stress in the Colombian Basin and relatively weak (Fig. 4) , roughly westward wind stress over the Cayman and Yucatan Basins. The wind stress in the western Caribbean, on average, is relatively stronger in winter months and weaker from August to October.
Surface heat fluxes over the WCS are negative (i.e., the ocean waters losing heat to the atmosphere) from November to January, with larger heat losses in the Cayman and Yucatan Basins than those in the Colombian Basin. From April to September, the heat fluxes are positive in the WCS, with relatively large heat gains over the coastal area off Colombia in spring and summer, and Yucatan and Cayman Basins from later spring to early summer. The surface heat fluxes in February are negative over the western Caribbean, except for the coastal areas of Panama and Colombia.
The WCS model has the eastern open boundary at 72ЊW, comprising two meridional transects: (a) the Beata Ridge Transect between Haiti and Colombia and (b) the northern Haiti Transect (Fig. 1) . The depth-mean flows through these two transects are specified based on the monthly mean volume transport produced by a (1/3)Њ ocean circulation model for the Atlantic Ocean using the Family of Linked Atlantic Model Experiments (FLAME; Dengg et al. 1999) . The total volume transport through the Windward Passage and Beata Ridge Transect is roughly equal to the total transport through the island arc known as the Windward Islands Passages VOLUME 33 from Cuba to Trinidad. For the depth-mean boundary flow across the northern Haiti Transect, on the other hand, only the portion of the transport that enters through the Windward Passage between Haiti and Cuba affects the circulation in the WCS. Considerable studies have been made in the past to determine the mean volume transport through the Windward Islands Passages. Table 1 lists widely cited estimates of the time-mean transports through three transects in the region: the Southern Windward Islands Passages (SWIP) between Haiti and Trinidad, Windward Passage (WP), and Yucatan Strait (YS). The reader is referred to Johns et al. (2002) for the latest review of the various estimates. Based on the current-meter observations and numerical modeling experiments, Johns et al. (2002) suggested that the time-mean transport is about 18.4 Sv (1 Sv ϭ 10 6 m 3 s Ϫ1 ) for the SWIP and 7.4 Sv for the WP. In comparison, the time-mean transport calculated by the FLAME is about 14.5 Sv for the Beata Ridge Transect and 3.1 Sv for the Windward Passage. As a result, the depth-mean flow at the eastern boundary in this study is the superposition of the FLAME monthly mean results and a uniform westward flow of 0.2 cm s Ϫ1 . The sensitivity of the model results to the depth-mean flow specified at the eastern boundary is discussed in section 5. Sheinbaum et al. (2002) recently suggested the time mean volume transport across the Yucatan Strait to be only about 23.8 Ϯ 1 Sv (with 95% confidence interval), which is about 10% smaller than other studies, Sheinbaum et al.'s estimate was based on the 10-month mean observations made by 33 moored current meters and eight bottom-mounted acoustic Doppler current profilers (ADCP) deployed across the strait from September 1999 to June 2000. Although their measurements were the most continuous and high-resolution observations made in the strait, it is not clear whether their low transport estimate across the strait reflects the interannual variability of the Yucatan Current, or indicates the systemic overestimation of the transport across the strait made in the previous studies. In this study, therefore, we follow Johns et al. (2002) and consider the mean volume transport across the Yucatan Strait to be about 26 Sv.
Model results

a. Time-mean circulation
We initialize the WCS model with January mean temperature and salinity and force the model with monthly mean wind stress, boundary transport, and surface heat and freshwater fluxes (control run; see Table 2 ). We integrate the model for 11 yr and calculate the timemean volume transport streamfunction from the model results during the last 10 yr. The 10-yr mean circulation (Fig. 5a ) is characterized by a persistent throughflow associated with the Caribbean Current in the northern Colombian Basin and western Cayman and Yucatan Basins, and a cyclonic recirculation associated with the Panama-Colombia Gyre in the southwestern CS. The large-scale features of the mean transport streamfunction produced by the model compare very well with the numerical results produced by Smith et al. (2000) and Johns et al. (2002) for the WCS region. The time-mean transport of the Caribbean Current is about 19 Sv over the eastern Colombian Basin, and increases gradually up to 23 Sv as flowing onto the western Yucatan Basin. The westward flow through the Windward Passage has a time-mean transport of about 7 Sv. The northward transport through the Yucatan Strait is about 26 Sv. All of the above mean transport values are consistent with the current knowledge of the mean transport in the region (Table 1 ; see also Murphy et al. 1999; Johns et al. 2002) . and Yucatan Strait (YS). For other estimates, the reader is referred to the reviews made by Kinder et al. (1985) and Johns et al. (2002 
To demonstrate the importance of baroclinicity in the region, we run the model with horizontally and vertically uniform temperature and salinity (i.e., barotropic run). We force this barotropic model by the monthly varying wind stress and boundary flows only. We integrate the model for 11 yr and calculate the time mean transport streamfunction from the last 10-yr model results (Fig. 5b) . Except for the values over the areas adjacent to the model open boundaries where the results are affected strongly by the boundary conditions, the mean transport streamfunction in the barotropic run follows the bathymetry much more closely than that in the control run (Figs. 5a,b) . It can be concluded, therefore, that the baroclinicity plays a very important role in driving the general circulation in the WCS.
We now return to the model results in the control run. The 10-yr mean near-surface circulation (Fig. 6 ) is dominated by the Caribbean Current flowing from the eastern Colombian to the western Yucatan Basin and the cyclonic Panama-Colombia Gyre in the southwestern CS. In the central and eastern Colombia Basin, the nearsurface currents are relatively broad and almost westward. The westward currents bifurcate before reaching Nicaragua Rise, with one small branch veering southwestward to form the Panama-Colombia Gyre. The main branch turns northwestward and flows along the outer flank of Nicaragua Rise to form a narrow offshore flow running westward. This offshore flow then turns northward as it approaches the Gulf of Honduras and forms a very strong coastal jet running northward along the east coast of Belize and Mexico. The northward current through the western Yucatan Channel known as the Yucatan Current is highly energetic, with a maximum near-surface speed of about 170 cm s Ϫ1 . To examine the model performance, we compare the 10-yr mean near-surface currents produced by the model with the decadal mean currents inferred from the observed trajectories of near-surface drifters by Fratantoni (2001) in the WCS. Based on roughly 1500 trajectories of satellite-tracked, 15-m drogued drifters in the North Atlantic Ocean from January 1990 to December 1999, Fratantoni (2001) constructed a decadal mean near-surface current field in the North Atlantic Ocean on a 1Њ grid. The 10-yr mean near-surface currents produced by the model are in good agreement with the drifter-derived currents in the WCS, particularly the speeds and directions of the Caribbean Current over the northern Colombian Basin and western Cayman and Yucatan Basins (Fig. 6 ). In the eastern sides of the two basins, both the model-calculated and drifter-derived near-surface currents are relatively weak. The model results in the southwestern CS also agree qualitatively with the drifter-derived currents, although the drifter-derived Panama-Colombia gyre has a relatively larger cell than the one produced by the model. Sheinbaum et al. (2002) recently deployed eight moorings across the Yucatan Strait from August 1999 to June 2000. Their moorings comprised 33 current meters and eight bottom-mounted ADCPs. The basic structure of the 10-month mean observed currents consists of the surface-intensified Yucatan Current flowing into the Gulf of Mexico from the CS in the upper layer, weak Yucatan Countercurrent flowing southward beneath it over the western side of the strait, and southward flows at the surface and at depth on the Cuban side (Fig. 7a) . The mean observed temperature has the upward curvature of the isotherms in the top 500 m associated with the northward Yucatan Current in the Mexican side and southward countercurrent in the Cuban side (Fig. 7b) . The change in curvature of the isotherms in the deep layer of greater than 600 m is associated with the Yucatan Countercurrents in the western side and Cuban Countercurrent in the eastern side (Sheinbaum et al. 2002) . The vertical distributions of the model-calculated time-mean along-channel currents (Fig. 7c) and tem-VOLUME 33 perature across the strait (Fig. 7d) 
b. Monthly mean circulation
We also calculate the monthly mean currents and temperature/salinity from the 10-yr model results of the control run. Figure 8 shows the comparison of the model-calculated and climatological monthly mean temperature at five z levels at the four sites marked in Fig. 1 . The model results agree reasonably well with the monthly mean climatology in the top 100 m at these four sites, indicating that the WCS model reproduces reasonably well the seasonal cycle of temperature in the region.
The monthly mean near-surface currents at 5 m in February and August have the overall circulation features similar to the time mean near-surface circulation, with the Caribbean Current flowing from the eastern Colombian Basin to the western side of the Yucatan Channel and the Panama-Colombia Gyre over the southwestern CS (Figs. 9a,d ). The Caribbean Current is relatively weaker in February than in August. The Panama-Colombia Gyre in February is made up of an intense cyclone over the shelf waters off Costa Rica and Panama. In comparison, the Panama-Colombia Gyre in August is made up of several cyclones of similar size embedded in a larger but weaker cyclonic circulation over the southwestern CS. The highly variable PanamaColombia Gyre produced by the model qualitatively agrees with the previous findings based on the satellite altimetry data ( The monthly mean near-surface temperature in February and August is horizontally uniform in the CS and about 26ЊC in February and 28ЊC in August (Figs. 9b,e) . There is a pool of cold waters in the surface layer over the Campeche Bank off northern Mexico. This pool of cold waters is associated with the intense coastal upwelling occurring in the area (Ruiz Renteria 1979). The monthly mean near-surface salinity in both months is horizontally uniform in the central WCS, with relatively salty waters in the eastern Cayman and Yucatan Basins and fresh waters in the southern Yucatan Basin. There is a larger amount of low-salinity waters trapped over the coastal areas off Panama and Colombia in August than in February (Figs. 9c,f ) .
The monthly mean subsurface circulation at 383 m in February and August (Figs. 10a,d ) has large-scale features similar to the time-mean subsurface circulation. Small-scale features over the Colombian Basin and Yucatan Channel are considerably different in these 2 months. The subsurface temperature and salinity at 383 m also have large seasonal variability, with relatively stronger cross-shelf gradients over the western sides of Cayman and Yucatan Basins in August than those in February (Figs. 10b,e and 10c,f) . In comparison with the climatology shown in Fig. 2 , the model results maintain reasonably well the horizontal gradients of the subsurface temperature and salinity in the region, particularly over the western Cayman and Yucatan Basins.
c. Month-to-month and mesoscale variability
The WCS model generates not only large seasonal variability discussed above, but also substantial monthto-month and mesoscale variability in the region. The model calculated subsurface currents and temperature at 80 m (Fig. 11 ) exhibit several mesoscale eddies in VOLUME 33 the WCS during the period from day 660 to 710 (30 October-20 December of the second model year). There are two cyclonic eddies embedded in a large cyclonic recirculation over the southwestern CS around day 660, with two smaller-sized anticyclonic eddies to the southeast. Water temperatures are relatively colder inside the cyclones and warmer inside the anticyclones, as expected. The warm-core anticyclone near the coast of Panama gradually translates northwestward, separating the two cold-core cyclones around day 700. The westward Caribbean Current over the northern Colombian Basin is relatively broad and dynamically steady. Over the eastern Cayman and Yucatan basins, however, there are two intense warm-core anticyclones, both of which translate gradually northwestward to the Yucatan Strait.
To quantify the month-to-month and mesoscale var- where U m (m ϭ 1, 2, . . . , 12) and U a (ϭ1/12 U m ) mϭ12 ⌺ mϭ1 are the monthly mean and annual mean values of u respectively, and t 1 and t 2 are set to model day 360 and 720, separately.
We divide the WCS into the upper ocean (less than 90 m) and the lower ocean (greater than 90 m) and calculate the vertically averaged rms values in the upper and lower oceans separately, according to (e,s) ͵ (e,s)
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where z 1 ϭ Ϫ90 m and z 2 ϭ 0 for the upper ocean and z 1 ϭ ϪH and z 2 ϭ Ϫ90 m for the lower ocean, where H is the local water depth. Similarly, we also compute the vertically averaged rms values of ͗ ͘ and ͗ ͘
T S (e,s) ( e,s)
from the second-year model results of temperature and salinity fields. For simplicity, we only consider the value of ͗ ͘ in this paper, which is defined as
The upper-ocean ͗ ͘ in the control run are rela-| u | s tively small over the northern Colombian Basin but considerably large over the western Cayman and Yucatan Basins (Fig. 12a) , indicating that month-to-month variability of the Caribbean Current is relatively weak in the upper ocean over the Colombian Basin but strong after passing the Nicaragua Rise. The upper-ocean ͗ ͘ are also relatively large in the southwestern Co-| u | s lombian Basin, associated mainly with large month-tomonth variability of the Panama-Colombia Gyre. The domain-averaged value of ͗ ͘ in the control run is | u | s about 9.14 cm s Ϫ1 for the upper ocean (Table 3) To examine correlations between the seasonal variability of the model forcing and month-to-month variability of the model results, we conduct five additional numerical experiments using different combinations of monthly mean and annual mean wind stress, boundary flows, and surface heat and freshwater fluxes (Table 2) . These five experiments are model simulations driven respectively by (a) the annual mean (time invariant) forcing in run AMF, and annual mean forcing except for (b) the monthly varying wind stress in run MWS, (c) monthly varying boundary transport in run MBT, (d) monthly varying surface heat fluxes in run MHF, and (e) monthly varying surface freshwater fluxes in run MSF. The model parameters in these five experiments are the same as those in the control run.
Since the model forcing in run AMF is time invariant and the model drift is relatively small with the use of the semiprognostic method, any significant nonzero values of ͗ ͘ in this run result primarily from the non-
relatively small along the pathway of the Caribbean Current, but large in the southwestern Colombian Basin and eastern Cayman and Yucatan Basins (Fig. 12b) (Table 3) , which are about 50% of the values in the control run, indicating that a significant portion of the month-to-month variability of the upper-ocean circulation is accounted for by the nonlinear dynamics. In contrast, the domain-averaged upper-ocean values of ͗ ͘ and ͗ ͘ in run AMF are about 0.09ЊC and 0.03
T S s s
ppt, respectively (Table 3) , which are about 12% and 25% of the values in the control run. Hence, the nonlinear dynamics plays a minor role in simulating monthto-month variability of the upper-ocean temperature and salinity in the control run. 6 cm s Ϫ1 and 0.04 ppt in the two runs (Table 3) , which are about 27% and 33% larger than the values in run AMF. The domain-averaged upper-ocean value of ͗ ͘ T s in these two runs, on the other hand, is about 0.15ЊC, which is larger than the value in run AMF but only about 19% of the value in the control run. The domainaveraged rms values of the lower-ocean temperature and salinity in runs MWS and MBT are highly comparable with the values in run AMF. Therefore, the month-tomonth variability of the lower-ocean temperature and salinity, on average, is not strongly correlated with the seasonal variability of the wind stress and boundary transports in the region.
Similarly, the upper-ocean distributions of ͗ ͘ in (Table 3 ). The former is only slightly larger than the value in run AMF. The latter is actually smaller than the value in run AMF. Therefore, the month-to-month variability of the upper-ocean circulation in this run is not correlated strongly with the seasonal variability of the surface heat and freshwater fluxes. Reasons for the reduced month-to-month variability of the upper-ocean circulation in run MSF are not clear, although contributing factors could include the restoring boundary conditions used for the surface freshwater fluxes (Pierce 1996) . By contrast, the domain-averaged upper-ocean value of ͗ ͘ in run MHF T s is about 0.63ЊC, which is about 7 times the value in run AMF (Table 3 and Fig. 12b ) and about 70% of the value in the control run. Therefore, the monthly varying surface heat fluxes play a dominant important role in simulating the seasonal cycle of the upper-ocean temperature. Similarly, the monthly varying surface salinity fluxes play a very important role in simulating the seasonal cycle of the upper-ocean salinity.
The domain-averaged upper-ocean values of ͗ ͘ | u | e and ͗ ͘ shown in Fig. 13 are proxies of the mesoscale and 0.06ЊC in run AMF (Fig. 13) (Fig. 13a) . The domain-averaged upper-ocean values of ͗ ͘ are about 0.07ЊC in runs MWS, MBT, and MSF T e and 0.13ЊC in run MHF (Fig. 13b) . Therefore, the upperocean mesoscale variability in the control run is largely accounted for by the nonlinear dynamics and partially by monthly varying wind stress, boundary transports, and surface heat fluxes. The mesoscale variability in the upper-ocean temperature is mainly accounted for by the monthly varying surface heat fluxes.
Sensitivity study
We conduct three additional numerical experiments to examine the sensitivity of the model results to the linear combination coefficient ␣ of the semiprognostic method and boundary flows specified along the model eastern boundary.
In the first experiment the WCS model is driven by the external forcings in the same way as in the control run (Table 2) , except for ␣ ϭ 0. This is the case of the pure-prognostic calculation (PP run). We run the model for 11 yr and calculate the time-mean fields from the last 10 yr of model results, as before. The 10-yr mean volume transport streamfunction in the PP run has overall features qualitatively similar to that in the semiprognostic (SP) run (Figs. 5a,c) . There are considerable differences, however, in the small-scale features between the two runs, particularly over the southern Colombian Basin and eastern Cayman basin. The February mean subsurface circulation at 383 m in the PP run (Fig.  14) has a much weaker northwestward jet after passing Table 2 for abbreviations of different model runs).
T e the channel between Nicaragua Rise and Jamaica, in comparison with the subsurface SP results (Fig. 10) . The February and August mean subsurface currents of the PP run also differ from the SP results over the Colombian Basin. A comparison of Figs. 2 and 14 indicates that the subsurface temperature and salinity fields of the PP run drift away significantly from the monthly mean climatology.
In the second experiment the WCS model is driven by the external forcings in the same way as in the control run, except for a different depth-mean flow specified along the model eastern open boundary. The depthmean flow at the eastern boundary in this experiment is the monthly mean flow calculated by the FLAME North Atlantic model without the addition of the uniform westward flow of 0.2 cm s Ϫ1 . The overall features of the time-mean transport streamfunction in this experiment (Fig. 15a) are highly comparable to the control run (Fig. 5a) . The time-mean westward transport of the Caribbean Current is about 17 Sv over the eastern Colombian Basin, and the westward flow through the Windward Passage has a time-mean transport of about 3 Sv. As a result, the mean transport through the Yucatan Strait is about 20 Sv, which is about 20% smaller than that in the control run. The model-calculated currents, temperature and salinity in this experiment are highly comparable to the control run.
The WCS model in the third experiment is forced in the same way as in the control run, except that the FLAME model results and the uniform westward flow at the eastern open boundary are not used. The 10-yr mean volume transport streamfunction in this experiment (Fig. 15b) differs significantly from the control run, indicating the importance of the FLAME model results in driving the WCS model.
Summary
The primitive equation z-level ocean circulation model known as CANDIE was applied to the western Caribbean Sea. The model was forced with the climatological monthly mean forcing including wind stress, surface heat and freshwater fluxes, and flows across the model open boundary. The semiprognostic method (Sheng et al. 2001 ) was used to reduce the model drift. The limited-area WCS model was integrated for 11 yr and the time-mean fields were calculated from the model results during the last 10 yr. The 10-yr mean volume transports produced by the model are in good agreement with the latest estimates by Johns et al. (2002) , with about 19 and 7 Sv westward transports through the Beata Transect and Windward Passage and a 26 Sv northward transport through the Yucatan Strait. Sheinbaum et al. (2002) recently suggested that the time mean volume transport across the Yucatan Strait is only about 23.8 Ϯ 1 Sv, based on the direct current observations from September 1999 to June 2000. Their transport estimate is about 10% smaller than the other estimates. Future studies are needed to determine whether their low transport estimate reflects interannual variability of the currents through the strait, or indicates the overestimation of the mean transport made by previous studies.
14. As in Fig. 10 , but for pure-prognostic results.
The model-calculated 10-yr mean currents in the WCS are characterized by the relatively persistent, surface-intensified throughflow known as the Caribbean Current over the northern Colombian Basin and western Cayman and Yucatan Basins and the highly variable Panama-Colombia Gyre. The mean circulation over the eastern Cayman and Yucatan Basins is relative weak in the upper ocean of less than 90 m, with relatively stronger westward flow in the lower ocean as a result of the inflow running through the Windward Passage. The model-calculated 10-yr mean circulation is in good agreement with the observed currents inferred from the trajectories of 15-m drogued, satellite-tracked drifters (Fratantoni 2001) in the study region. The model-calculated currents along the Yucatan Strait also agree well with the direct current measurements (Sheinbaum et al. 2002). It should be noted that the model-data comparisons made in this paper are qualitative to some extent. Quantitative comparisons can be made by driving the ocean model with synoptic sea surface and lateral open boundary forcings, which is beyond the scope of this study.
The WCS model was also used to determine the main dynamics responsible for the month-to-month and mesoscale variability in the model results. The nonlinear dynamics, monthly varying wind stress, and flows across the model eastern boundary all play a very important role in simulating the month-to-month and mesoscale circulation variability in the region. The monthly varying surface heat fluxes are largely responsible for the seasonal cycle of the temperature in the upper ocean. The model results, however, underestimate the mesoscale variability in the northern Colombian Basin, mainly because of the specification of monthly mean flows across the eastern open boundary.
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h h ‫ץ‬t ‫ץ‬z ‫ץ‬z where u, , w are the east (), north (), and vertical (z) components of the flow; p is pressure (see below); and m is the density calculated from the model potential temperature T and salinity S, which in turn, are updated using the conservation equations defined in Eqs. (A7) and (A8 
‫ץ‬ ‫ץ‬
where A m and A h are horizontal eddy viscosity and diffusivity coefficients, respectively. The model uses the subgrid-scale mixing parameterization scheme of Smagorinsky (1963) for the horizontal eddy viscosity A m and the schemes proposed by Large et al. (1994) for the vertical mixing coefficients K m and K h . The turbulent Prandtl number A h /A m is set to 0.1. The model also uses the fourth-order numerics (Dietrich 1997 ) and Thuburn's flux limiter to discretize the nonlinear advection terms (Thuburn 1996) .
The governing equations presented above are conventional, except for the terms in square brackets on the right side of the hydrostatic equation, Eq. (A4). Here the conventional density term is replaced by a linear combination of model-computed density ( m ) and climatological density ( c ): ␣ m ϩ (1 Ϫ ␣) c ϭ m ϩ (1 Ϫ ␣)( c Ϫ m ), where ␣ is the linear combination coefficient with a value between 0 and 1, which is the semiprognostic method suggested by Sheng et al. (2001) . The ocean circulation model is purely prognostic if ␣ ϭ 1 and purely diagnostic if ␣ ϭ 0.
As discussed in Sheng et al. (2001) , the semiprognostic method is used to adiabatically adjust the momentum equations of an ocean circulation model to correct for the model errors associated with the physical processes that are not correctly represented by the model equations, leaving the temperature and salinity equations unconstrained and fully prognostic. To demonstrate this we separate the pressure variable p into two parts It can be seen that p* corresponds to the traditional pressure variable carried by the model, since p* satisfies the conventional hydrostatic equation and surface boundary condition. On the other hand, the terms involving p appear as forcing terms in the model momentum equations, and it is these forcing terms that are responsible for modifying the model-computed velocities that, in turn, modify the tracers through the advection terms in Eqs. (A7) and (A8). The forcing terms associated with p can be thought of as representing unresolved processes.
